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For information regarding this article, E-mail: sabino.scolletta@unisi.it; dpayen1234@orange.fr Objectives: Echocardiography and pulse contour methods allow, respectively, noninvasive and less invasive cardiac output estimation. The aim of the present study was to compare Doppler echocardiography with the pulse contour method MostCare for cardiac output estimation in a large and nonselected critically ill population. Design: A prospective multicenter observational comparison study. Setting: The study was conducted in 15 European medicosurgical ICUs. Patients: We assessed cardiac output in 400 patients in whom an echocardiographic evaluation was performed as a routine need or for cardiocirculatory assessment. Interventions: None. Measurements and Main Results: One echocardiographic cardiac output measurement was compared with the corresponding Most-Care cardiac output value per patient, considering different ICU admission categories and clinical conditions. For statistical analysis, we used Bland-Altman and linear regression analyses. To assess heterogeneity in results of individual centers, Cochran Q, and the I 2 statistics were applied. A total of 400 paired echocardiographic cardiac output and MostCare cardiac output measures were compared. MostCare cardiac output values ranged from 1.95 to 9.90 L/min, and echocardiographic cardiac output ranged from 1.82 to 9.75 L/min. A significant correlation was found between echocardiographic cardiac output and MostCare cardiac output (r = 0.85; p < 0.0001). Among the different ICUs, the mean bias between echocardiographic cardiac output and MostCare cardiac output ranged from -0.40 to 0.45 L/min, and the percentage error ranged from 13.2% to 47.2%. Overall, the mean bias was -0.03 L/min, with 95% limits of agreement of -1.54 to 1.47 L/min and a relative percentage error of 30.1%. The percentage error was 24% in the sepsis category, 26% in the trauma category, 30% in the surgical category, and 33% in the medical admission category. The final overall percentage error was 27.3% with a 95% CI of 22.2-32.4%. Conclusions: Our results suggest that MostCare could be an alternative to echocardiography to assess cardiac output in ICU patients with a large spectrum of clinical conditions. (Crit Care Med 2016; 44:1370-1379) Key Words: arterial waveform analysis; cardiac output; Doppler echocardiography; echocardiography; hemodynamic monitoring; pulse contour method C ardiac output (CO) monitoring is of primary importance in high-risk surgery and critically ill patients (1) . Intermittent thermodilution (ThD) by means of a pulmonary artery catheter (PAC) has been used as the reference method and to validate alternative monitoring systems (2) . Its invasiveness, the occurrence of complications, and inability to estimate CO on a beat-by-beat basis may explain the reduction in routine use (3) . Recently, technologic improvements have offered less invasive, continuous, operator-independent, easy, and quick-use systems for beat-by-beat CO monitoring (4, 5) .
Echocardiography is now widely used in ICUs for the complete assessment of heart function, volume status (6) , and CO measurement. Because it has been well accepted as a first-line diagnostic tool for circulatory failure, it has been proposed as an alternative for ThD to evaluate CO in selected patient populations (7) . A poor acoustic window, inaccurate diameter calculations, and difficulty maintaining the angle of insonation and blood flow within the recommended values may lead to inaccuracy in CO estimation (8) . Finally, training is of major importance (9) .
Pulse contour methods (PCMs) are commonly used in operating rooms or ICUs as they seem to fulfill most of the characteristics of an "ideal" hemodynamic monitoring system (10) . However, the accuracy and precision of PCMs decrease in cases of over-or underdamping and when changes in vascular tone and compliance occur (11, 12) . Indeed, PCMs rely on proprietary algorithms to compute CO from arterial pressure waveform analysis, and most of them require external or internal calibration to capture differences in arterial compliance and vascular tone (13) .
Among PCMs is the MostCare, which is based on the mathematical analysis of arterial pressure profile changes by means of the pressure recording analytical method (14) (15) (16) . MostCare has been validated against ThD and echocardiography in experimental and clinical settings, showing reasonable estimates of CO under different hemodynamic conditions (17) (18) (19) (20) (21) (22) (23) (24) (25) . However, all the findings come from single-center studies that include homogeneous and selected populations. In addition, some conflicting reports have questioned the use of MostCare as an acceptable hemodynamic tool in critically ill patients (26) (27) (28) .
To assess the value of MostCare as a CO monitor (vs Doppler echocardiography), a multicenter study was performed in 15 European ICUs in a large and nonselected critically ill population.
MATERIALS AND METHODS
This prospective multicenter observational study was conducted in 15 medical and/or surgical European ICUs (12 in Italy, one in France, one in Spain, and one in the United Kingdom) after approval from the ethical committee of each institution. All the patients or relatives gave written informed consent (ClinicalTrials.gov: NCT01678950).
Patients admitted to an ICU requiring an echocardiographic evaluation and instrumented with an arterial catheter for invasive blood pressure monitoring were screened for enrollment.
The exclusion criteria were as follows: 1) the presence of pathologies that could affect the quality and reliability of the arterial pulse transmission (aortic valve diseases, aortic aneurysm or dissection, thoracic outlet syndrome); 2) arrhythmias; 3) hemodynamic instability (no more than a 10% variation in mean arterial pressure compared with baseline during the time of echocardiography measurements); 4) persistent under-or overdamping of the pressure transducer; 5) an inadequate acoustic window for echocardiography; and 6) age less than 18 years.
Measurements
Doppler Echocardiography. Transthoracic and/or transesophageal echocardiography were performed by trained cardiologists or intensivists. Transthoracic echocardiographic measures were obtained using the parasternal long axis and the apical windows (29) . The stroke volume (SV) was calculated by measuring: 1) the diameter (d) of the left ventricular outflow tract (LVOT) from the parasternal window used to calculate the cross-sectional area (CSA) (LVOT csa = [d LVOT /2] 2 × π); 2) the velocity time integral (VTI) measured at the same site (LVOT VTI ) at the apical five-chamber view with pulsed-wave Doppler. The d LVOT was measured before the flow Doppler VTI.
SV averaged over five consecutive beats was used to compute the CO (SV × heart rate).
For the transesophageal approach, d LVOT and LVOT VTI were measured in the left ventricle long axis view and the deep transgastric view, respectively. According to the acoustic window, operators were asked to grade the examination as suboptimal (poor or sufficient) or optimal (good or excellent).
MostCare. The MostCare was connected to the artery line with a standard transducer (Edwards Lifesciences, Irvine, CA). Unlike other PCMs, MostCare estimates SV and CO on a beat-by-beat basis, analyzing the whole cardiac cycle (systolic and diastolic) from arterial pressure waveform and not systole alone, and it does not require external or internal calibration. In addition, MostCare works with a sampling rate of 1,000 points (P/t) per second to accurately analyze all components contained in the arterial pressure wave signal. MostCare identifies specific parts over the pressure trace, especially the "points of instability," at which the reflected waves traveling from the periphery to the heart may largely influence the signal (backward-traveling waves). Each backward wave against the forward wave causes a rapid decrease in the velocity and acceleration of these instability points (i.e., pressure/time changes). Thus, each wave assumes a specific profile, and short and small oscillation of pressure tracing can easily be detected as "points of instability," which are analyzed by MostCare for the estimation of the vascular impedance (5, 14-16) ( Fig. 1) .
Before data acquisition and after zeroing at the phlebostatic level, the arterial waveform signal was checked for quality. In the case of over-or underdamping, the arterial pressure trace was optimized (23) . The five beats used to determine CO with both Doppler and MostCare were the same as two different operators collected data, one with echocardiography and one with MostCare. The echocardiography operator mentioned to the other operator when he was recording the data corresponding to an adequate pulse wave Doppler signal. The MostCare operator placed a "marker" to select a posteriori the same five beats for the two devices. This is a precaution that has never been used in previous reports. The choice of five consecutive beats aimed to cover the whole respiratory cycle, limiting the consequences of heart-lung interactions. The MostCare data were secondarily imported into an Excel file, averaging the selected five MostCare CO (MC-CO) values to calculate the final CO.
Statistical Analysis
The quality control of the study and the statistical analysis were performed by an independent contract research organization (CRO; CROSS srl, Milan, Italy). The CRO followed a predefined statistical plan set by the steering committee.
The statistical analysis indicated that, for each center, 30 patients would have been enrolled, assuming the verification of minimum differences in the average between the two methods of 1 L/min and an sd not exceeding 1 L/min, with a statistical significance level of 99% (α = 0.01) and a minimum power of 99% (β = 0.01). Based on this result, it was established that data from centers enrolling fewer than 30 patients would not have been included in the analysis.
The blinded database was analyzed using the SPSS, GraphPad Prism, and STATA 11.0 (StataCorp LP, College Station, TX) software packages. The normality of the data was tested using the Kolmogorov-Smirnov test. Normally and nonnormally distributed data were expressed as the mean (sd) or median (25-75% interquartile range) as appropriate. The measurements collected with MostCare were compared with the Doppler echocardiography results by using correlation analysis and calculating the Pearson coefficient, expressed as the r value with a 95% CI. Agreements between CO data were determined using the Bland-Altman method (30) , with the bias calculated as the mean difference between methods and reflecting the measurement error between the two tests. The limits of agreement (LoA) were calculated as the mean ± 2sd from the bias. The percentage error (PE) was calculated as the LoA (two times the sd of the bias) divided by the mean CO from the two methods, as proposed by Critchley and Critchley (31) . Similar analyses were performed for subgroups of patients according to the context of the measurements (the use of vasoactiveinotropic drugs, location of the arterial line, femoral vs radial artery, quality of echocardiography assessment).
Finally, to investigate the relative influence of each center's results on the final PE, a meta-analysis to estimate the overall PE and its 95% CI was performed. To assess heterogeneity in the results of individual centers, Cochran Q statistic was used, and the I 2 statistic (a two-sided p value of Q < 0.10 or an I 2 > 25% was used as a threshold indicating significant heterogeneity). We pooled the study-specific PE using the inverse variance method and a random-effects model (which better accommodates clinical and statistical variations) in the case of moderate or high statistical inconsistency. Statistical significance was set at the two-tailed 0.05 level for hypothesis testing (32) .
RESULTS

Center and Patient Characteristics
Four hundred patients (61.8 ± 17 yr; 62% men) were enrolled in the study. According to the criteria established in the study protocol, 11 centers completed the study, whereas four centers did not enroll at least 30 patients. A flow diagram describing the number of patients enrolled in and excluded from the study is shown in Figure 2 . Patient characteristics are shown in Table 1 . The distribution of patients into four admission categories showed 113 medical (28%), 175 surgical (44%), 47 septic (12%), and 65 trauma (16%) patients. The hemodynamic and echocardiographic data are reported in 
CO Comparison
Four hundred paired CO values were obtained. The MC-CO values ranged from 1.95 to 9.90 L/min, and the echocardiographic CO (Echo-CO) ranged from 1.82 to 9.75 L/min. A good correlation was found between Echo-CO and MC-CO (r = 0.85; 95% CI, 0.82-0.88; r 2 , 0.74; slope, 0.85 ± 0.02; y-intercept, 0.76 ± 0.13; p < 0.0001) ( Fig. 3) . Overall, the mean bias between Echo-CO and MC-CO was -0.03 L/ min, with an LoA of -1.54 to 1.47 L/min (lower 95% CI, -1.41 to -1.67 L/min; upper 95% CI, 1.34 to 1.60 L/min) and a relative PE of 30.1%. The bias and LoA of each center are shown in Table 3 . Considering all centers, the mean bias ranged from -0.40 to 0.45 L/min, and the PE ranged from 13.2% to 47.2%. By weighing the influence that each center would have had on the final overall PE, an overall PE of 27.3% was found (95% CI, 22.2-32.4%) (Fig. 4) .
The hemodynamic and echocardiographic data of the patients of each center are reported in the tables enclosed in 
Patients' Admission Category
A subgroup analysis was performed according to the patients' admission category. The lowest PE (24%) was in sepsis, followed by 26% in trauma, 30% in surgical, and 33% in medical. The bias, LoA, and PE for each admission category are shown in Table 4 . Figure 1 . Representation of the arterial pressure wave analysis by MostCare during systole and diastole at 1,000 points (P/t, mm Hg/ms) per second rate of sampling. The pressure pulse wave generated by the left ventricle ejection and traveling forward (F) encounters several sites of reflection, represented by sites where the arterial properties change (branch points of arteries, changes in vessel diameter, and stiffness). The presence of different sites of reflection causes the return backward (B) to the heart of several pulse waves at different times of cardiac cycle. The remarkable time points concern the clear identification of systolic foot (t 1 ), the peak of systolic pressure (t 2 ), the reflective wave change in systolic pressure wave (t 3 ) that may vary in relation with compliance, resistance and arterial stretch, the dicrotic notch (t 4 ) corresponding to the aortic valve closure (end of systole), and different potential waves related to reflective waves coming back later during the cardiac cycle. The points 3, 5, and 6 are considered as "points of instability" since they can change in a same patient when pathophysiologic conditions or therapeutic strategy changes the arterial resistance and compliance, the blood volume contained in the large vessels reservoir, and the heart systolic function. Therefore, depending on amplitude and timing, distance from the reflective point, volume of the arterial reservoir, the heart beating rate, and the arterial vessel where the pressure wave is recorded, the shape of the pressure wave may differ time to time. The "points of instability" (t 3 , t 5 , and t 6 ,) are recorded as P/t (mm Hg/ms) to estimate the specific impedance of the analyzed beat (14) . 
Condition Influencing Concordance
Four conditions that could have influenced the differences in CO estimation were analyzed: 1) treatment with norepinephrine ("yes/no"); 2) site of cannulation ("radial/femoral"); 3) obesity ("body mass index [BMI] > 30 or < 30"); and 4) quality of echocardiography ("optimal/suboptimal").
Patients receiving norepinephrine (n = 98; 25%) had a greater bias than those without (n = 302; 75%) (-0.17 L/min with LoA -1.45 to 1.12 L/min vs 0.01 L/min with LoA -1.56 to 1.57 L/min, respectively), showing a PE of 27.8% and 30.6%, respectively (Table 4 ).
Considering the site of cannulation, 321 patients (80%) had a radial artery catheter (RAC), and 79 (20%) had a femoral artery catheter (FAC). The biases in the RAC (-0.03 L/ min [LoA, -1.38 to 1.31 L/min]) and FAC (-0.04 L/min [LoA, -2.10 to 2.02 L/min]) groups were close. The PE in the RAC group (26.8%) was lower than that observed in the FAC group (42.0%) ( Table 4 ).
Patients with BMI greater than 30 (n = 82; 21%) had a lower PE than those with a BMI less than 30 (PE, 26.3% vs 31%). The mean CO bias was -0.05 L/min (LoA, -1.34 to 1.24 L/min) for patients with BMI greater than 30 and -0.03 L/min (LoA, -1.55 to 1.49 L/min) for patients with BMI less than 30 (Table 4 ).
Optimal quality echocardiographic examinations were found for 263 patients (66%). These patients had a mean CO bias of -0.04 L/min (LoA, -1.42 to 1.32 L/min) with a PE of 28.2%. Conversely, in 137 patients (34%) who had a suboptimal echocardiographic window, the mean CO bias was 
DISCUSSION
This multicenter observational study tested the ability of MostCare to estimate CO in a heterogeneous population against Doppler echocardiography. The main result shows good agreement between MostCare and the reference method in CO estimation. The PE varies depending on the clinical conditions (sepsis, norepinephrine infusion, surgical and medical patients, obese patients, and different sites of artery cannulation) and centers, showing that some patient-related and/or technical-related factors may influence the reliability of the PCM to some extent.
Although the PAC-ThD method has been identified as the "gold standard," echocardiography has been used to test newer hemodynamic monitoring systems (21, 23, (33) (34) (35) (36) , and it has been indicated by international consensus as a reliable method for CO estimation (1) . Some authors of this article have previously tested MostCare against Doppler echocardiography in CO estimation. They found a PE of 18% in stable trauma patients (23) and a PE of 22% in patients undergoing elective vascular surgery (21) . The higher PE observed in the present study for the same patient categories may result from the multicenter measurements instead of single-center measurement.
In mechanically ventilated patients who had circulatory failure, when MostCare was compared against Doppler echocardiography, it showed a low reliability in tracking changes in CO induced by volume expansion but acceptable agreement (PE, 34%) (27) . MostCare comparison with Doppler echocardiography in patients or in animal studies has resulted in good agreement when dobutamine infusion, vasopressor therapy, and volume loading were tested (18, 37) .
The present multicenter study shows good agreement between the two methods in the subgroup of 47 septic patients (PE, 25%), a challenging situation for PCMs (4, 10) . Few studies have previously investigated the reliability of this PCM (39) . In this multicenter study, patients were enrolled using strict inclusion/ exclusion criteria. This factor may account for the concordance between our results and the aforementioned ones (19, 24) . The PE is an established method to evaluate the precision of a tested technique measuring CO against a reference method (31) . Interestingly, the PE was different in each participating center, ranging from 13% to 47%, with large differences in the number of enrolled patients (from 30 to 44). Investigation of the relative influence of each center on the global results and on the final PE appeared important. This was achieved using Cochran Q and the I 2 statistics (32). A Forest plot showed an estimate of the overall PE with a representation of the variation between each single center and the overall results (32) (Fig. 4 ). The overall PE was 27.3%. Although not previously used for such a study, this statistical approach allowed us to evaluate the influence of individual centers on the final value. Such results have never been reported for CO measurements, as few multicenter studies have been conducted in this field. In the present study, two centers had a PE of greater than 30% (37% and 47%) and one had a very low PE (13%). These differences could result from the quality of echocardiographic examinations, the heterogeneity of arterial cannulation (femoral vs radial), and/or the quality of the arterial signal. As expected, the two centers with a PE of greater than 35% had a lower rate of good-quality echocardiography (15/41 = 36% and The quality of both echocardiography and the arterial signal are crucial for a comparison of CO methods in critically ill patients. First, for Doppler echocardiography, the criteria for CO estimation impose the correct methodology: an adequate acoustic window, good-quality LVOT imaging for diameter identification, and alignment of the ultrasound beam. In our study, 27 of 489 initial patients (5.5%) (Fig. 2) were excluded for insufficient echogenicity or the inability to obtain proper alignment of the ultrasound beam. Based on the grading of echocardiographic examination by the operators as suboptimal (poor or sufficient) or optimal (good or excellent), 263 of 400 cases (66%) were considered optimal. When the esophageal route was used, all the transesophageal echocardiography examinations had an optimal quality. When the echocardiographic examination was optimal, the PE for CO comparison between the two methods was 28.2%. When echocardiographic assessment was suboptimal (137/400; 34%), the PE was 33.9%. These results confirm that echocardiographic evaluation is a reliable method for CO estimation but with potential pitfalls, especially with particular patient characteristics.
The second major point concerns the quality of fidelity in transmitting the arterial signal. Recently, it was shown that a distortion in the arterial pressure wave could occur in up to 30% of patients with cardiovascular disease (40) . These distortions can be limited by using an adjustable damping device available on the market (40) . In our study, if the arterial signal could not be optimized, the patient was excluded from the analysis. This occurred in seven patients out of the screened 489 patients (1.4%) (Fig. 2) .
Finally, the site for arterial cannulation can have an impact on measurement accuracy. We observed a higher distortion when the femoral site was used compared with the radial artery. Catheter insertion in the femoral artery showed a higher CO dispersion than radial artery cannulation. The difference in accuracy may result from the different arterial waveforms in the femoral and radial arteries (41) and the damping coefficient of the system (42) .
This large multicenter study has some limitations. The use of Doppler echocardiography as a reference method for CO measurement precludes comparisons with other validation reports on studies using ThD as a reference method. Since pulmonary or transpulmonary ThD methods were rarely used in the enrolled patients (only 17/400 patients from four centers), 
